The genome sequences of Escherichia coli pathotypes reveal extensive genetic variability in the argW-dsdCXA island. Interestingly, the archetype E. coli K1 neonatal meningitis strain, strain RS218, has two copies of the dsdCXA genes for D-serine utilization at the argW and leuX islands. Because the human brain contains D-serine, an epidemiological study emphasizing K1 isolates surveyed the dsdCXA copy number and function. Forty of 41 (97.5%) independent E. coli K1 isolates could utilize D-serine. Southern blot hybridization revealed physical variability within the argW-dsdC region, even among 22 E. coli O18:K1:H7 isolates. In addition, 30 of 41 K1 strains, including 21 of 22 O18:K1:H7 isolates, had two dsdCXA loci. Mutational analysis indicated that each of the dsdA genes is functional in a rifampin-resistant mutant of RS218, mutant E44. The high percentage of K1 strains that can use D-serine is in striking contrast to our previous observation that only 4 of 74 (5%) isolates in the diarrheagenic E. coli (DEC) collection have this activity. The genome sequence of diarrheagenic E. coli isolates indicates that the csrRAKB genes for sucrose utilization are often substituted for dsdC and a portion of dsdX present at the argW-dsdCXA island of extraintestinal isolates. Among DEC isolates there is a reciprocal pattern of sucrose fermentation versus D-serine utilization. The ability to use D-serine is a trait strongly selected for among E. coli K1 strains, which have the ability to infect a wide range of extraintestinal sites. Conversely, diarrheagenic E. coli pathotypes appear to have substituted sucrose for D-serine as a potential nutrient.
It is remarkable that aside from the normal intestinal commensal strains, there are genotypes of Escherichia coli that can cause different diseases in the intestine and others that infect and cause disease at extraintestinal sites. This diversity suggests that different genotypes of E. coli have the ability to respond successfully to different environments by expression of relevant colonization factors, immune avoidance mechanisms, and advantageous nutrient acquisition strategies. Comparison of the sequenced genomes of uropathogenic E. coli (UPEC) strain CFT073, laboratory K-12 strain MG1655, and enterohemorrhagic E. coli (EHEC) strain EDL933 showed that only 39.2% of the predicted proteins were common among all three strains (40) . Aside from virulence-and colonization-related genes that are specific to the niches for each strain, these strains vary in some specific catabolic capabilities. Our laboratory has recently focused on the argW-dsdCXA chromosomal region that corresponds to the E. coli K-12 MG1655 53Ј genetic map position. In this region, EDL933 possesses phagelike genes and cscRAKB, which permit non-phosphotransferase (PTS)-mediated sucrose utilization; and MG1655 and CFT073 have genes (dsdCXA) that encode the ability to use D-serine as a sole carbon and nitrogen source. Until recently, it was thought that naturally occurring D-amino acids were found only in bacterial cell walls and capsules. However, studies indicate that D-serine is found in the urine of humans at concentrations that range from 3 to 40 g/ml (9) . The D-serine deaminase (encoded by dsdA) converts D-serine to ammonia and pyruvate (6) . dsdX and dsdC are a specific D-serine permease (2a) and a LysR-like transcriptional regulator, respectively, that control the expression of dsdXC and a dsdXA operon (33) . In the absence of dsdCXA, D-serine concentrations greater than 50 g/ml in growth medium are bacteriostatic for the growth of E. coli K-12 where D-serine is transported by CycA and inhibits L-serine and pantothenate synthesis (11, 12, 31) . Our previous study demonstrated that urinary tract infection (UTI) and urosepsis E. coli isolates were more likely than isolates in the diarrheagenic E. coli (DEC) collection to catabolize D-serine as a sole carbon source (36) . This suggests that dsdCXA provides a growth advantage for uropathogenic E. coli strains in the urinary tract. It was also demonstrated that although a CFT073 dsdA mutant had a growth defect during growth in human urine compared to the growth ability of its wild-type parent, the same mutant surprisingly demonstrated nearly a 1,000-fold advantage in its ability to colonize the bladders and kidneys of mice (36) .
UPEC is one of two groups within the extraintestinal E. coli (ExPEC) pathotype which cause infections outside of the intestinal tract, such as UTIs, pneumonia, sepsis, and meningitis. UPEC strains are responsible for greater than 80% of all community-acquired urinary tract infections. Neonatal meningitis E. coli (NMEC) strains are the second major group among ExPEC isolates and are a leading cause of neonatal meningitis and sepsis (4, 7) . Roughly 80% of NMEC isolates are of the K1 capsular serotype. NMEC strains, especially O18:K1:H7 strains, are notable because they are also a common cause of UTIs (27, 28, 32) . Twenty percent of cases of neonatal meningitis are a complication of a UTI in the neonate (3, 8) . Despite intensive research on specific ExPEC virulence factors, such as type 1 fimbriae and hemolysin, the patterns of gene expression among ExPEC isolates in their different niches are only beginning to be understood. For example, together with the laboratories of H. L. Mobley and M. S. Donnenberg, we recently demonstrated the in vivo transcriptome of UPEC strain CFT073 shed in the urine of mice with experimental UTI (37) . Compared to the transcriptome of CFT073 grown in complex laboratory medium, the bacteria infecting the urinary tract are starved for nitrogen and iron. Genes for peptide and amino acid utilization are up-regulated during infection. Sugars such as glucose, fructose, and sucrose are generally not found in urine, whereas peptides and amino acids are present. Overall, this suggests that during UTIs, amino acids such as D-serine are being used by UPEC isolates as carbon and nitrogen sources.
The original evidence that D-serine is present in mammals came from neurological studies that identified it as a neurotransmitter. D-Serine is found at nanomolar concentrations in the mammalian brain, where it acts as a potent and selective agonist at the N-methyl-D-aspartate-type excitatory amino acid receptor (20) . NMEC strains have the unique ability among E. coli isolates to cross the blood-brain barrier (BBB) and cause meningitis in neonates (29) . These strains cross the intestinal lumen to gain access to the bloodstream and to cause bacteremia and are present at levels of at least 10 3 CFU/ml (16) . Upon reaching the BBB, NMEC strains rearrange the actin cytoskeleton of brain microvascular endothelial cells and invade the brain, causing disease (30) . Aside from the requirement for expression of the K1 capsule and a few other factors, little is known about the virulence mechanisms and the pattern of bacterial gene expression involved in these events (30) . Environmental conditions (pH, iron concentration, and osmolarity) have been shown to play a role in the ability of NMEC strains to invade brain microvascular endothelial cells (4) . We hypothesize that NMEC strains use D-serine as a carbon and nitrogen source for growth in the brain or as an environmental signal that permits the expression of genes relevant to their location in the host. This hypothesis arose from our analyses of the genome sequence of the archetype K1 strain, strain RS218, which possesses two unlinked copies of dsdCXA. In order to examine these hypotheses, we assessed the ability of a collection of E. coli K1 isolates to utilize D-serine and compared the prevalence of intact copies of the dsdCXA locus by Southern blot hybridization analysis. The genetic island between the argW and dsdCXA loci was found to be a hypervariable region of the E. coli chromosome. Surprisingly, a majority of the K1 strains, including known NMEC strains, possess a second dsdCXA locus at the leuX island at position 97Ј. The two dsdCXA loci in strain E44, a spontaneous rifampin-resistant mutant of RS218, were both shown to be functional for the use of Dserine as a sole carbon source. Lastly, a survey of the ability of diarrheagenic E. coli isolates in the DEC collection reveals that unlike the extraintestinal E. coli strains, few DEC strains can use D-serine and instead have the ability to ferment sucrose.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Table 1 describes the E. coli strains used in this study. The strains were acquired from several sources and varied in their clinical origins. Strains were grown in Luria-Bertani (LB) broth or agar at 37°C unless otherwise specified. Chloramphenicol (20 g/ml) and kanamycin (50 g/ml) were added to the broth and agar media when needed. To test for the ability to grow on D-serine as a sole source of carbon, morpholinepropanesulfonic acid (MOPS)-D-serine minimal medium was used, as described previously (36) . Because nicotinamide auxotrophy frequently occurs among K1 strains, 5 g/ml nicotinamide was included in the MOPS minimal medium (1, 27) .
Sequence analysis. The unpublished E. coli RS218 sequence determined by the Genome Sequencing Center at the University of Wisconsin was used to compile dsdCXA regions at the argW and leuX genetic islands from the BLAST website (www.genome.wisc.edu/sequencing/rs218.htm) (2) , and ORF Finder (41) from the National Center for Biotechnology Information was used to determine the identities of coding regions and the locations of predicted proteins. The RS218 closed sequence was later used to confirm our compilation and annotation (Guy Plunkett, personal communication). Available sequences (GenBank accession numbers) for CFT073 (AE14075), EDL933 (AE005174), MG1655 (U00096), pathogenicity-associated island II in UPEC strain 536 (PAI II 536 ) (AJ494981), E. coli HS (AAJY00000000), E. coli B171 (AAJX00000000), E. coli E24377A (AAJZ00000000), E. coli F11 (AAJU00000000), E. coli 53638 (AAKB00000000), E. coli B7A (AAJT00000000), E. coli E11019 (AAJW00000000), E. coli E22 (AAJV00000000), Shigella flexneri (AE14073), Shigella dysenteriae (CP000034), Shigella boydii (CP000036), Shigella sonnei (CP000038), and E. coli EC3132 (AF473544) (which contains cscRAKB) (23) were downloaded from GenBank. The genome sequence for E. coli O42 was obtained at the Wellcome Trust Sanger Institute website. The genome sequences of HS and E24377A are closed but unannotated at present. The sequences of B171, F11, 53638, B7A, E11019, and E22 are unclosed and unannotated.
Southern blot hydridizations. Genomic DNA was isolated from overnight cultures grown at 37°C in LB broth with aeration by using a Genomic DNA isolation kit (Promega). The DNA was digested with EcoRI and EcoRV for 25 min and then heat inactivated for 20 min at 80°C. The digested DNA was run on a 0.8% agarose gel, transferred to Hybond Nϩ membranes (Amersham Pharmacia Biotech Inc.), and UV cross-linked to the membrane. The appropriate DNA hybridization probe was made from the predicted coding region of dsdC, dsdX, dsdA, ipuA, or ipuB and labeled with ␣-32 P by using a Prime-It random primer labeling kit (Stratagene). Hybridization was done at 60°C overnight. The hybridization signals on the blots were visualized by using a Typhoon Imager 8600 phosphorimager.
PFGE analyses. The bacterial strains were grown in LB broth to an optical density at 600 nm of 0.85. The cells were embedded in agarose as described previously (21) . Briefly, the cells were harvested, pelleted by centrifugation, and resuspended in PIV buffer (1 M NaCl, 10 mM Tris-HCl [pH 7.6]) and 1.6% InCert agarose (FMC BioProducts) in water and then placed in plug molds (Bio-Rad). The plugs were incubated overnight at 37°C with gentle shaking in EC lysis solution (6 nM Tris-HCl [pH 7.6], 1 M NaCl, 100 nM EDTA [pH 7.5], 0.5% Brij 58, 0.2% deoxycholate, 0.5% Sarkosyl, 1 mg/ml lysozyme, 20 g/ml RNase). The EC lysis solution was removed and replaced with ESP solution (0.5 M EDTA [pH 9 to 9.5], 1% Sarkosyl, 50 g/ml proteinase K), and the mixture was incubated at 50°C with gentle shaking overnight. The plugs were then washed with TE three times with shaking for 30 min and stored at 4°C until needed. The plugs were digested with 10 units of AvrII (New England Biolabs) for 3 to 18 h and then washed with TE for 30 min. Each digested plug was inserted and sealed into a well of a 1% pulsed-field gel electrophoresis (PFGE)-grade agarose gel (Bio-Rad) made with 0.5ϫ TBE along with a PFGE lambda ladder (Bio-Rad). PFGE was performed with a CHEF Mapper XA system (Bio-Rad). The gels were run at 14°C with one of two cycles, depending on the desired separation size and length of the gel. For short-run gels, the initial switch was 2.16 s, the final switch was 54.17 s, the angle was 120°, and the gradient was 6.0 V/cm with linear ramping for a total run time of 22 h (19). For long-run gels, the initial switch was 2.16 s, the final switch was 1 min 4.41 s, the angle was 120°, and the gradient was 6.0 V/cm with linear ramping for a total run time of 26 h. The separated DNA fragments were transferred from the gels to Hybond Nϩ membranes (Amersham Pharmacia Biotech Inc.) by using 20ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and UV cross-linked to the membrane. The blot was analyzed with an ␣-32 P-labeled 858-bp DNA probe consisting of argW and the region 5Ј to argW through to the last 708 bp of yfdC, a gene that is present in all E. coli strains sequenced. The blots were visualized as described above.
Construction of E44 dsdA mutants. The parent strain for all mutant constructions was E. coli strain E44, which is a spontaneous rifampin-resistant mutant derived from cerebrospinal fluid (CSF) isolate RS218 (O18:K1:H7) (1, 39) . Single and double dsdA mutations were constructed by the -Red recombination method described by Datsenko and Wanner (14) . Both E44 dsdA genes were deleted individually by using chloramphenicol (pKD3) and kanamycin (pKD4) resistance gene cassettes. Linear DNA was made by using the following PCR primers, which were identical to the 5Ј and 3Ј ends of dsdA: forward primer P0 (5ЈCCTGCTGCTATTTATCATCTAAGCGCAAAGAGACGTACTTGTGTA GGCTGGAGCTGCTTCG-3Ј), reverse primer P2 (5Ј-CACCCAGGGAAAGG VOL. 44, 2006 E. COLI argW-dsdCXA GENETIC ISLAND 4039 ATGGCGATGCTGCGTTGAAACGTTACATATGAATATCCTCCTTAG), and reverse primer P2 (5Ј-CGTAAAAAGGGAGTCGATGTGGCAAAATCA TTAGTGCCCCTTACATATGAATATCCTCCTTAG). This amplified DNA was electroporated into the appropriate strain, the mutations were screened by PCR, the resistance cassette was removed, and the recombinase plasmid was cured by high-temperature growth as described previously (14). Complementation of the dsdA mutations was accomplished by first cloning the dsdA gene with the Shine and Delgarno sequence intact into pACYC177 (36) . This plasmid, pWAM2682, was transformed into E44 dsdA double-knockout strain WAM3049, and its ability to grow on D-serine as a sole carbon source was confirmed. Sucrose fermentation. Sucrose utilization was monitored and was indicated by the presence of red-pink colony formation following overnight, aerobic 
RESULTS
Sequence analysis of E. coli argW-dsdCXA regions. Our genome sequence comparison showed that E. coli strains CFT073, MG1655, and EDL933 all differ in genetic content at position 53Ј in the argW-dsdCXA region ( Fig. 1) (36) . Specifically, the differences among the strains start from the 3Ј end of the argW tRNA gene and continue through to the last 208 bases of dsdX. All sequenced strains contained the gene yfdC 5Ј to argW and the gene emrY 3Ј to dsdA. CFT073 contained 12,271 bp between argW and dsdC. This area consists of two FimBE-like recombinases, ipuA and ipuB, and hypothetical genes (10, 36) . E. coli O157:H7 strain EDL933 had 14,124 bp between argW and the 208 bases of the 3Ј end of dsdX. The EDL933 argW-dsdX region contained, in respective order 3Ј to argW, an incomplete set of phage genes, hypothetical genes of unknown function, and the non-PTS-mediated sucrose utilization genes csrRAKB (23, 36 tive P22-like prophage genes and hypothetical genes, none of which encoded proteins similar to those in either of the two other strains. The original genetic and sequence characterization of the chromosomal csrRAKB genes of E. coli strain EC3132 by the laboratory of Lengeler identified that there was a disruption of the dsdCXA locus with the substitution of the non-PTS sucrose utilization locus (23) . That region of strain EC3132 is similar to that of EDL933; however, the EDL933 phage-like genes were absent (data not shown).
Recently, the genomes of additional E. coli strains, including different pathotypes of typical and atypical enteropathogenic (EPEC), enterotoxigenic (ETEC), enteroinvasive (EIEC), and enteroaggregative (EAEC) strains, have been sequenced by TIGR and the Wellcome Trust Sanger Institute. Although these genome sequences are not fully closed or annotated, analysis of the argW-dsdCXA regions of those genomes showed additional variation in genetic content (Fig. 1) . Because it has been argued that Shigella species are essentially pathotypes of E. coli (35) , we included in the genome comparisons the argWdsdCXA regions from S. dysenteriae, S. sonnei, S. boydii, and S. flexneri. Also included in the genome sequence comparisons was E. coli strain HS, a normal human fecal isolate of E. coli, which has been used as a negative disease control strain in oral challenges of human volunteers (18) . Strain HS and strain 53638, an EIEC strain, had no apparent genes encoded between the 3Ј end of argW and the intact dsdCXA locus. dsdC was 97 bp downstream of argW in HS and 110 bp downstream in strain 53638. The argW-dsdCXA regions of the three EPEC strains B171, E11019 (an atypical EPEC strain), and E22 (an EPEC-like rabbit diarrheal E. coli strain) were similar to the argW-dsdCXA region of EDL933; they possessed the sucrose utilization genes, a partial dsdX gene, and a full dsdA gene; but no hypothetical proteins or phage genes are present within a 440-bp region between argW and the csrRAKB locus. Interestingly, the argW-dsdCXA region in ETEC strain E24377A was very similar to those in the three EPEC strains, but it had a larger 1,690-bp region between argW and the cscRAKB genes. Strain O42, an EAEC strain, had the same sequence as CFT073 from argW through to the 3Ј end of c2895. There then appeared to be a deletion of the entire dsdCXA, emrYK, and evgAS region in strain O42. It is recognized that the O42 genome sequence has not been closed, so the apparent deletion may be an assembly artifact.
The genome of the archetype NMEC strain, strain RS218, is being sequenced by the laboratory of F. R. Blattner at the University of Wisconsin. Sequence information available at the website for this laboratory, along with personal communications, confirmed that this strain has 40,587 bp of HK620-, Sf6-, and HK97-like phage genes inserted between argW and the dsdCXA locus (Fig. 1) . The presence of the phage genes and the presence of a K1 capsular modification gene, neuO, were recently noted by the laboratory of E. R. Vimr (15) . Our analysis of the RS218 genome sequence also found a second dsdCXA locus associated with the leuX genetic island at position 97Ј. This second dsdCXA locus is similar (with dsdA having 99% nucleotide identity) to one found on the leuX PAI II 536 . PAI II 536 is 102,200 bp in length and contains hly genes, prf genes, and a previously unannotated copy of dsdCXA (Fig. 2 ) (17) . The RS218 version of this island is 122,709 bp and carries all of the same genes as PAI II 536 plus the notable addition of cnf1. The RS218 and 536 leuX genetic islands differed between prfI and the 3Ј end of hlyD, where RS218 had an additional 21,538 bp that included cnf1 immediately downstream of the hlyCABD operon. Another major difference between the two leuX genetic islands was the lack of 536 open reading frames (ORFs) y1093 and y1094 in the RS218 island.
Two E. coli genomes had genetic similarities to RS218 in the argW-dsdCXA region. B7A, an ETEC isolate, had 45,108 bp of HK620-and Sf6-like phage genes and hypothetical genes within the argW-dsdCXA area that were similar to the RS218 phage genes. It is striking that the argW-dsdCXA area in strain B7A has the phage genes along with the sucrose utilization genes, a partial dsdX gene, and a full dsdA gene, similar to EDL933. UPEC cystitis isolate F11 has a dsdCXA locus similar to that of RS218 within a leuX genetic island at position 97Ј; yet at the argW-dsdCXA region, the arrangement is very similar to those of the three EPEC strains described above, with the sucrose utilization genes and the 3Ј ends of dsdX and dsdA present.
Interestingly, none of the Shigella strains sequenced had an intact dsdCXA locus, and the sequences of the strains in the argW-dsdC area differed. S. dysenteriae was similar to EDL933, FIG. 2. Representation of dsdCXA loci at leuX genetic islands in ExPEC strains 536 and RS218. The genetic map for the strain 536 leuX genetic island covers approximately the 22,000-to 32,000-bp and 47,000-to 69,000-bp portions of the genetic island sequenced (17) . The section presented for the strain RS218 leuX genetic island covers approximately the 42,000-to 54,000-bp and 69,000-to 90,000-bp genetic island sequenced. The tRNA leuX and prf genes are 5Ј of the hlyCABD operon in the genetic islands of both strains. Black arrows, genes annotated in strain 536; open arrows, genes in RS218; gray arrows, open reading frames found in other strains. The internal hash marks cover ORFs 26 to 39, which are identical in both strains.
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on September 22, 2017 by guest http://jcm.asm.org/ with a partial dsdX gene and a full dsdA gene, but only the cscA and cscR genes were present. In place of cscB and cscK, which were directly upstream of the cscA gene in EDL933, were potential pseudogenes. There was 7,120 bp from the end of argW to the partial copy of dsdX. S. flexneri was also like EDL933, but without the phage genes, and had 5,368 bp in the argW-dsdC area. S. boydii had only dsdA and an unknown gene 407 bp after argW. S. sonnei had 51,748 bp in the argW-dsdC area. This area in S sonnei was similar to that in EDL933, with a partial dsdX gene, a full dsdA gene, and the sucrose utilization genes; but there were additional phage-like genes in S. sonnei. Phenotypic survey of ability of E. coli strains to utilize Dserine and ferment sucrose. Because many K1 strains have the ability to cross the BBB and invade the meninges, where free D-serine may be available as a nutrient or an environmental signal, we examined the ability of K1 strains to use D-serine as a sole carbon source. The collection of strains tested is listed in Table 1 . K1 strains that were neonatal blood or CSF isolates were examined. Additionally, we analyzed urine isolates, including K1 serotype isolates, such as O18:K1:H7, that have a broad ability to cause additional extraintestinal diseases, such as cystitis and pyelonephritis. We also included several wellcharacterized UPEC strains: strains NU14, CP9, 536, and J96. Because the genome sequence analysis showed that many diarrheagenic E. coli strains contain the csrRAKB genes, which encode the ability to ferment sucrose, in place of dsdC and the 5Ј end of dsdX, the phenotypic survey also included isolates of the DEC collection (42) . A total of 97.5% of the K1 isolates (40 of 41) isolates could grow with D-serine as a sole carbon source, suggesting the presence of an intact dsdCXA locus (Table 1 ). This rate of occurrence is considerably higher than that among the diarrheal strains tested in the DEC collection (4 of 74 strains) ( Table 2 ) that could catabolize D-serine (P ϭ 0.001, Fisher's exact test) (36) .
The inverse relationship between D-serine and sucrose use was established when the strains in the collection were then compared for their sucrose fermentation phenotypes. Only four K1 strains fermented sucrose, with three of these (strains 468624, Marriot, and NU14) also being capable of using D- (Table 2 ). There were 16 slow-sucrose-fermenting strains that displayed a light pink colony on the medium at 24 h. Interestingly, none of the DEC strains that could use sucrose could also use D-serine. Overall, the differences in sucrose phenotypes between the K1 and DEC strains were statistically significant (P Ͻ 0.001, Fisher's exact test). Interestingly, the slow sucrose fermenters were clustered in DEC groups 3, 4, and 5 and represented the majority of the O157:H7 and O55:H7 isolates. The notable exception in this clustering was EDL933 (isolate 4F) in the DEC collection, which was a strong sucrose fermenter. In support of the genome sequence prediction, the four DEC isolates that could use D-serine but that could not ferment sucrose were within DEC group 6, which included O111:H21 EAEC strains. Among a group of eight EAEC strains, acquired from James Nataro at the University of Maryland, the D-serine and sucrose phenotypes were mixed, with five strains utilizing D-serine and three strains utilizing sucrose (strain data not shown).
Southern blot hybridization analysis for ipuAB and dsdCXA genes among K1 strains. Southern blot hybridization was used to examine the physical context of the region surrounding the dsdCXA genes among the ExPEC strains used in the phenotypic survey. The results are summarized in Table 3 , and an example of a blot used in the analyses is shown in Fig. 3 . The only K1 strain which could not grow on D-serine as a carbon source, strain B50, possessed an EcoRI-EcoRV fragment hydridization pattern similar to that of EDL933, where dsdC and the 5Ј portion of dsdX were absent but dsdA was present. Two non-K1 strains, strains E115 and E606, isolated from CSF could not use Dserine, and they also had a dsdCXA hybridization fragment pattern similar to that of EDL933.
Four K1 strains, strains Kansas City, E253, E251, and E308, had dsdX-and dsdA-specific hybridization fragment patterns similar to those seen for MG1655, but with the dsdC-specific fragment being roughly 2,500 bp larger than that seen for MG1655. Strains E496, S92, CP9, and J96 had dsdX-and dsdA-specific hybridization fragment patterns similar to that of CFT073 but lacked ipuA-and ipuB-like sequences, which resulted in a dsdC-specific hybridization fragment different from that seen for CFT073. Eight strains had fragment patterns that were similar to the RS218 argW-associated dsdCXA fragment patterns, but three of the strains had larger dsdC-specific bands. One strain, RS168, had only a single copy of dsdCXA and had a hybridization pattern consistent with the version seen at the RS218 leuX genetic island.
Interestingly, 30 of the 41 K1 strains had two copies of dsdCXA-specific sequences. Two of these K1 strains, strains 468624 and EC10, also had the fimBE-like recombinases ipuA and ipuB upstream of dsdC, as was seen for CFT073. In these two instances, the ipuA-and ipuB-like sequences were found together on an EcoRI-EcoRV restriction fragment of the same size, suggesting that they are linked (10) . These two strains also had a second dsdCXA locus that had a hybridization pattern similar to that of the RS218 leuX genetic island-associated copy.
For all 23 O18:K1:H7 isolates there was a dsdCXA-specific hybridization pattern similar to that of archetype strain RS218. There was a polymorphism involving the size of the dsdAspecific fragment among the O18:K1:H7 isolates. Three strains, strains E44 (a spontaneous rifampin-resistant RS218 mutant), NU14, and E912, had fragments similar in size to those predicted from the RS218 genome sequence. RS218 and 19 other O18:K1:H7 isolates had dsdC-specific fragments smaller than those predicted from the RS218 genome sequence. We suspect that there was either an error in the RS218 sequence or a rearrangement in this area during the strain's laboratory passage. Lastly, uropathogenic strain 536, studied extensively by the Hacker and Dobrindt laboratories, had a dsdCXA-specific hybridization pattern that was similar to that of cystitis isolate F11. They had the dsdCXA copy at the leuX genetic island and a second copy of dsdX and dsdA-like hybridization fragments similar to the dsdXA-like sequences for EHEC strain EDL933 at the argW genetic island.
PFGE analyses. PFGE and Southern blot hybridizations were used to examine possible clonal relationships and to confirm our observation of variability in the argW-dsdCXA region, especially among different K1 isolates. Examples of the PFGE AvrII digestion patterns for nine of the strains used in this analysis are shown in Fig. 4A . None of the AvrII fragment banding patterns were identical between E44, 891449, and NU14, which are all O18:K1:H7 isolates. In addition, when strains E44, 891449, and NU14 were probed for argW-like sequences, they showed hybridization fragments of dissimilar sizes. E912 and E221 were two other O18:K1:H7 isolates examined by PFGE; they had identical AvrII fragment patterns, with the exception of a single fragment. Interestingly, E912 and E221 had an argW-specific AvrII fragment different in size from those for the other three O18:K1:H7 isolates, isolates E44, 891449, and NU14. The sizes of the argW-specific AvrII fragments in the PFGE analyses are summarized in Table 3 .
Strains CFT073 and ECOR56 are phylogenetically related, as determined on the basis of random amplified polymorphic DNA analysis (25) , but they shared only four AvrII fragments of similar size (Fig. 4B ). When these strains were probed for argW-like sequences, however, they shared a similar sized band of 125,000 bp. Strains CP9 and J96 are also thought to be closely related (25) but have different-sized argW-specific AvrII fragments (Fig. 4B) .
Phenotypes of E44 dsdA mutants. Lastly, to assess the functionality of each copy of the duplicated dsdCXA genes that are commonly seen among the K1 strains, we constructed full deletions of each dsdA gene in strain E44. These were made individually (single-deletion mutants WAM3044 [E44 dsdA argW ] and WAM3047 [E44 dsdA leuX ]) and doubly (double-deletion mutant WAM3049 [E44 dsdA argW , leuX ]). Both single-deletion mutants, E44 dsdA argW and E44 dsdA leuX , readily formed colonies after overnight incubation on MOPS-D-serine agar medium. Unlike the single-deletion strains, the mutant with a double dsdA deletion was unable to grow under these conditions. The dsdA argW gene was cloned into pACYC177 and transformed into E44 dsdA argW, leuX to produce strain WAM3180. WAM3180 was able to grow on MOPS--D-serine medium, thus utilizing D-serine as a sole carbon source and providing assurance that no second-site mutations in E44 dsdA argW, leuX were responsible for the growth defect (data not shown). 
DISCUSSION
In this study, we examined the physical context and phenotypes for genes found at the E. coli argW-dsdCXA genetic island. This region corresponds to the lambdoid bacteriophage PA-2 integration site at position 53Ј on the E. coli K-12 MG1655 genetic map (34) . The interest in this region comes from our studies that indicate that in archetype UPEC strain CFT073 genes are present within this genetic island that control the level of CFT073 bladder and kidney colonization of mice during experimentally induced UTIs (10, 36) . An examination of the current collection of E. coli genome sequences supports our earlier observation that the genes for the use of D-serine, dsdCXA, are intact in ExPEC strains but that in diarrheal pathogens, such as EHEC strain EDL933, the dsdCXA genes are missing, in part due to a substitution with the sucrose utilization genes, cscRAKB. We analyzed a collection of E. coli isolates for their ability to utilize D-serine as a sole carbon source and to ferment sucrose. We found that there is generally a converse relationship for these traits; ExPEC strains often have the ability to use D-serine but not to ferment sucrose. EPEC, EHEC, and ETEC strains generally cannot use D-serine but can ferment sucrose. Even more striking was the observation that among 41 strains that possessed the K1 capsular antigen, 40 had the ability to use D-serine but only 3 strains could ferment sucrose. Because free D-serine is present in brain tissue and K1 strains are the most frequent bacterial causes of meningitis, we investigated this correlation further. Southern hybridization analyses indicated that 30 of the 41 K1 strains have two copies of the dsdCXA genes, just as was observed in the genome sequence of K1 archetype strain RS218. In vitro and in vivo studies that are examining the virulence effects of the mutants of E44 with single and double dsdA deletions are under way.
Our genetic analysis indicates each of the E44 dsdCXA loci is functional. However, the copies of the dsdCXA genes at the different island locations are not identical. The nucleotide sequences of the dsdCXA genes in the RS218 and the leuX PAI II 536 islands are more similar to one another than to the copies of dsdCXA at the CFT073 and RS218 argW islands. It is possible that the copy of the dsdCXA genes at the RS218 argW island may be regulated differently than the copies at the CFT073 argW island or the leuX-associated copies because in the 211-bp intergenic promoter region between dsdC and dsdX, 5 nucleotide substitutions are unique to the RS218 argWassociated dsdCXA promoter region. One involves a substitution within one of two putative cyclic AMP receptor proteinbinding sites, and the other involves the Ϫ35 promoter region for the dsdC gene (B. Haugen and R. Welch, unpublished observations).
The RS218 argW-dsdCXA genetic island has recently drawn the attention of the laboratory of E. R. Vimr. From the unannotated RS218 genome sequence, Vimr and colleagues identified a lambdoid-like phage integrated at the argW region (15) . Linked to the prophage is a gene called neuO, which they (15) . Interestingly, expression of neuO appears to undergo phase-switch control through a mechanism that involves slipped-strand DNA mispairing of a heptanucleotide repeat in its 5Ј region (15) . Although neuO is missing in non-K1 ExPEC strains like CFT073, FimBE-like recombinases ipuA and ipuB are encoded with the corresponding argW-dsdC CFT073 region. We recently showed that ipuA controls phase-switch control of the fimS element for expression of the type 1 fimbrial operon (10). These observations reinforce our model that ExPEC strains are successful at colonizing sequential niches during an ascending UTI because of a rich array of phase-switch-controlled gene expression states. Southern blot hybridization analysis of the dsdCXA loci in NMEC and UPEC K1 strains, along with examination of the accumulated E. coli and Shigella genome sequences, showed that the region between argW and dsdCXA is hypervariable in size and content. The variability is evident even among O18: K1:H7 isolates that are considered to be of a common clonal descent (27) . The variability is probably due to argW being an active site for the integration of lysogenic bacteriophages. The available sequences clearly show that complete phages or remnants of different phages occupy this region. We suggest that the argW-dsdCXA region provides an excellent site for the establishment of epidemiological markers that could differentiate not only different closely related K1 isolates but also, perhaps, isolates of the other E. coli pathotypes.
Our analysis also indicates that in many K1 strains the RS218 leuX-associated dsdCXA copy is present within an island that is very similar to the island in UPEC strain 536, PAI II 536 , which has been studied extensively by Hacker, Dobrindt, and colleagues (17) . Because of the general genetic content of prf fimbrial and hlyCABD virulence genes, this island has also been identified as PAI I C5 and PAI II J96 (5, 8, 22) . The prf fimbria-and hlyCABD-containing island does vary in significant ways because the dsdCXA, hra, and cnf-1 loci are not consistently present. In addition, the islands can be located at either a leuX or a pheU site in the ExPEC genomes (38) . With a large amount of genomic sequence and epidemiological information becoming available, we predict that there will be increased confusion about the nomenclature of genetic islands. Currently, investigators number islands with no apparent logic other than the chronological order of their description. We propose that islands be given unique names that comprise their chromosomal location relative to the sequence of E. coli strain MG1655 and host strain number. In addition, the PAI nomenclature makes the assumption that the genetic islands play a role in pathogenesis. We propose that the phenotypically neutral abbreviation GI, for "genetic island," be used. Therefore the two islands that we have described here for RS218 would be named GI-RS218 argW and GI-RS218 leuX.
Lastly, our results permit some speculation about how different E. coli pathotypes evolved to take advantage of their nutritional opportunities and the possible global regulatory consequences for the use of those nutrients. EHEC, EPEC, and ETEC intestinal pathogens are not free-living, nor do they effectively colonize body sites outside of the mammalian intestine. Their typical human and mammalian hosts have diets rich in plant materials that contain sugars such as sucrose. Therefore, the predilection and utility of the intestinal pathogens to have the cscRAKB genes at the argW-dsdCXA genetic island are evident. Molecular evidence also suggests that the order of events for the intestinal pathogens was the loss of D-serine utilization and the acquisition of the sucrose-positive trait. However, for ExPEC strains, which are transient members of the human intestinal flora or members of the normal flora of carnivores, such as dogs (24, 26) , the poor availability and scant need to use sucrose as a nutrient probably did not lead to a selective force. Because ExPEC strains occupy different sites outside of the intestine, it follows that they have evolved to take advantage of the nutrients available at those sites. Compared to the intestine, urine is a relatively carbohydrate-poor but peptide-and amino acid-rich environment. Our transcriptome studies with CFT073 grown in human urine or isolated from the urine of infected mice indicate that, in general, its carbohydrate transporters and catabolic pathways are poorly expressed relative to the expression of transporters of amino acids and peptides (37) . At least one consequence of the carbohydrate versus amino acid nutritional choice is that the former would cause a classic state of catabolite repression, whereas the latter leads to induction of cyclic AMP receptor protein-dependent gene expression. So, in the case of the enteric pathogenic E. coli, it can be hypothesized that their ability to break down sucrose to fructose and glucose would lead to the induction of strong state of catabolite repression. ExPEC strains, on the other hand, would accumulate amino acids such as D-serine instead of carbohydrates like sucrose and therefore would not be in a state of catabolite repression in their extraintestinal niche. We are currently testing the patterns of the nutritional capabilities of different E. coli pathotypes and how these differences affect the expression of their pathogenic factors.
